We investigate the strategic association between information and communication technologies (ICTs) and sustainability using empirical data. Our hypothesis is that ICTs can promote a country's sustainability. In our framework we include the ICT factors of access, quality, affordability, applications, and institutional efficiency & sustainability. Sustainability is represented by individual development indicators, grouped in the clusters of environment, transportation infrastructure, energy consumption efficiency, economic development, and education. Using secondary data on ICTs and sustainability development indicators for countries from the World Bank, meanwhile controlling for the wealth effect, our main multivariate result indicates that ICTs factors have a positive association with sustainability. ICTs, therefore, have the potential to promote sustainability. Our results are useful in shaping strategic policy decisions that involve the nature and extent of investment in ICT infrastructure at the country level.
Introduction
The purpose of this exploratory work is to examine the association between information and communication technologies (ICTs) and sustainability at the macro level. When we talk about the macro level, we are referring to the sustainability impact that arises out of the application of ICTs across society (Avgerou, 2010; Bengtsson & Agerfalk, 2011; Heeks, 2010; Mascarenhas, 2010; Melville, 2010; Millet & Estrin, 2012; Spence & Smith, 2010; Watson et al, 2010) . Many of these papers have discussed the macro impacts of ICTs as net positive. Therefore, it is worth investigating the actual association between ICTs and sustainability. Although the greening of ICTs, for example, the reduction of electronic waste or of the energy consumed by computersis an important goal of the information technology community, the focus of this research is "greening through ICTs," that is, the applications of ICTs to promote sustainability broadly (Millet & Estrin, 2012) .
In this paper we develop a framework for conceptualizing and studying the association between ICTs factors and sustainability development indicators at the country level. Our research is motivated by various propositions that ICTs' factors such as access, affordability and applications, and the like -have the potential to improve country sustainability at the macro level. Once in place, these improvements may lead to improved environment, efficient transportation, efficient delivery of energy, increased economic development, and higher literacy.
This study addresses the relationship empirically. Although studies in past decades have examined and generally confirmed the positive role of ICTs in development, productivity and other macro level indicators (Avgerou, 2010; Bengtsson & Agerfalk, 2011) , none have examined the quantitative role of ICTs in enabling sustainability. Despite the anecdotal evidence and the potential, the relationship between ICTs and the broader social goal of sustainability is not well understood (Berkhout & Hertin, 2004) . Scant research has been conducted into whether and what types of ICT favorably influence sustainability (Jokinen et al., 1998) . Unlike many of the others, our study provides empirical data on which country leaders can base decisions to allocate their limited resources to ICT infrastructure selection and development and thus derive maximum benefits.
In this study, sustainability is characterized by a number of world development indicators that collectively specify the sustainability level of a country (Carraro et al, 2009; Hueting & Reijinders, 2004; Pinter et al, 2005; Spangenberg, 2005; UN, 2007) . The indicators are grouped into the broad research constructs of environment, transportation, energy, economic development and education (World Bank, 2010) . The ICTs are represented as a group of factors in the global ICT index developed by the World Bank (2010) for each country (Minges & Qiang, 2006) . This group of factors has been used in prior studies on ICTs and country-level public health delivery (Raghupathi & Wu, 2011a ) and ICTs and country-level governance (Raghupathi & Wu, 2011b) .
The data for all the indicators and factors are derived from various country-level World Bank data sets. We believe that important insights can be derived from studying potential associations between ICTs and sustainability development indicators.
This study makes several contributions. First, we introduce the contemporary literature on sustainability and ICTs' role as a potential enabler to the information systems research community. Second, we develop an initial framework of the relationship between ICTs and sustainability. Third, we empirically examine the relationship with a large data set, so generalizability of the conclusions is possible. Fourth, by studying the macro effects, countries can make selective investments in ICTs to promote different aspects of sustainability.
The balance of the paper is organized as follows: we first provide background information with respect to sustainability at the macro level and the potential of ICTs to enable sustainability at the country level. We then describe the conceptual framework of the association between ICTs and sustainability and develop the corresponding hypotheses. Third, we describe our methodology. Fourth, we discuss the results of our statistical analysis and implications.
Finally, we discuss the scope and limitations of our study as well as the key contributions, and suggest directions for future research.
Background and Literature Review
The World Summit for the Information Society (WSIS) is specific in its Declaration of Principles, "Building the Information Society: a Global Challenge in the New Millennium," that ICTs serve as powerful instruments for productivity and economic growth through job creation and employability, leading ultimately to improved quality of life overall (http://www.itu.int/wsis/docs/geneva/official/dop.html). The Global e-Sustainability Initiative (GeSI) considers extending the influence of ICT to all aspects of socio-economic development and applying these technologies to both rich and poor countries in order to achieve the strategic principle of sustainable development across the globe (http://www.gesi.org ; http://www.itu.int/wsis/basic/about.html). Likewise, the United Nations Development Program (UNDP) says, "ICT is an increasingly powerful tool for participating in global markets; promoting political accountability; improving the delivery of basic services; and enhancing local development opportunities (http://www.undp.org/)" as reported in GeSI (2005) (http://www.gesi.org). These macro effects are believed to be widespread and complex (Berthon & Donnellan, 2011) .
The UN defines ICTs "as tools that facilitate communication and the processing and transmission of information and the sharing of knowledge by electronic means." The definition encompasses the full range of electronic digital and analog ICTs, from radio and television to fixed and mobile telephones, computers, and such electronic-based media as digital text, audiovideo recording and the Internet (http://www.un-gaid.org/). More recently, the National Research Council has suggested that "the ultimate goal of much of ICTs in sustainability can be viewed as informing, supporting, facilitating and sometimes automating decision making that lead to actions with significant impacts on achieving sustainability objectives" (Millet & Estrin, 2012) .
Today, globalization is characterized by an important shift to knowledge-based societies -mainly driven by ICTs -where knowledge and information increasingly represent new patterns of growth and wealth creation and open up possibilities for more effective poverty reduction and sustainable development (Griese et al., 2001) . Knowledge has become a principle force of social transformation. Without the global ICT infrastructure, financial trading as well as global trade and travel would collapse. A recent study by Vodafone (2005) on the effect of mobile phones in Africa provides evidence that mobile telephony has improved economic growth significantly.
Moreover, this impact was twice as large in developing countries as in mature economies, with developing countries averaging 20 phones per 100 people and increasing GDP growth by 0.6% (Vodafone, 2005) .
In this global arena, the governments of nearly all countries have expressed the goal of transforming their countries into learning economies and knowledge societies. This 'knowledgebased' and 'knowledge-led development' has the potential to tackle many of the problems confronting societies. One could hypothesize that 'knowledge' and 'information,' deployed equitably and systemically, could alleviate key sustainability challenges. At the country level, ICTs have the potential to bridge the digital divide (Pee et al, 2010) . They can be used to "manage the boundaries between knowledge and action in ways that simultaneously enhance the salience, credibility and legitimacy of the information they produce (Cash et al., 2003) ." At the company level, ICTs can help 'green the organization' as well as manage resources more effectively (Berthon & Donnellan, 2011; Dao et al, 2011; Des Autels & Berthon, 2011; Watson et al, 2011) . This has a positive wholesale effect on investment and society.
Drawing on recent literature (Mathews, 2003) , three primary groups of effects are identified in which ICTs have the potential to play a wide range of important roles in enabling sustainability across the various constructs (Berkhout & Hertin, 2004; Goehring, 2004; Jitsuzumi et al., 2000; Jokinen et al., 1998; Mitomo & Oniki, 1999) . First-order effects or direct effects arise from the increased efficiency in manufacturing and other activities through the use of various types of ICTs. Examples include ICT control of air conditioning equipment to reduce energy consumption and energy savings in transport by the use of intelligent transport systems (ITS). This phenomenon is known as immaterialization. Second-order effects or indirect effects are changes in the behavior of individuals and organizations arising from lifestyle and workpattern changes enabled by the use of ICT. For example, telework/telecommuting (T/T) not only reduces an employee's daily commuting time but also the energy consumed in commuting. Other examples are the deployment of remote sensing devices to monitor the state of the global environment as well as the use of computerized bidding mechanisms for trading the right to emit carbon dioxide (CO 2 ). This role is termed amaterialization. The second-order effects are often labeled as enabling effects. Third-order effects are also indirect effects and reflect the promotion of the overall decision-making capability of a society refers to the implementation of sustainable public policies via information systems that gather, organize, and disseminate relevant information (Heinonen et al, 2001 ). Third-order effects are often called systematic effects. In addition, ICTs can be used very effectively to communicate accumulated knowledge on sustainable development. Our conceptual framework is based primarily on the second order of effects.
As documented in the literature, ICTs contribute to the overall productivity and economic growth of a country (Fors & Morens, 2002) . In addition to preventing waste and generating savings through efficiency, knowledge systems assist with the coordination of sustainability efforts, both locally and globally. As the information economy expands and information societies are formed (Heinonen et al., 2001) , developing countries-rural areas, in particular-can move toward parity (Greller & MacKay, 2002) in many of the indicators, such as education level, transportation, public health, and quality of the environment (Gholami et al, 2010; Loh et al, 1998; Techatassanasoontorn et al., 2011) . Through ICT-enabled sustainable development, countries can envision improved growth and better quality of life overall (Hughes & Johnston, 2005) . The literature review strongly suggests that empirical studies in the association between ICTs and sustainability development indicators will go a long way in eliciting key policy issues.
Conceptual Framework and Hypotheses
Based on the background discussion above, we draw broadly from the literature in several disciplines, including the conceptual basis for sustainability (Komiyama & Takeuchi, 2006; Lane, 2011; Larson, 2011) , ICTs & sustainability (see Bengtsson & Agerfalk, 2011; Berthon & Donnellan, 2011; GeSI, 2008(a) ; Melville, 2010; Millet & Estrin, 2012; Watson et al., 2011 ), global development (European Commission, 2005 Parikh, 2009; Shih et al., 2008; UNESCO, 2002; WEC, 2005; WWF, 2008) , and the substantive number of publications at NRC (2010, 2011) and the World Bank (2010 ) , to develop the conceptual framework for this study.
Many studies consider the several macro effects of ICTs, such as on development, growth and productivity and found them to be positive (e.g., Meso et al., 2006; Meso et al., 2009 ).
Specifically, we drew from the report SMART 2020: Enabling the Low Carbon Economy in the Information Age (http://www.theclimategroup.org/publications/2008/6/19/smart2020-enabling-the-low-carbon-economy-in-the-information-age/) to adapt and extend for our framework. This report by Millet & Estrin (2012) organizes the potential application of ICTs to sustainability in terms of three broad categories, namely, (1) infrastructure and systems (e.g., energy, transportation), (2) ecosystem services and the environment, and (3) socio-technical systems (e.g., economic development and education). As such, we capture sustainability from five dimensions -environment, transportation infrastructure, energy consumption, economic development, and education -in this study.
We adapt the framework from Raghupathi & Wu, (2011a , 2011b which have served as the basis for studies on the relationship between ICTs and country-level public health delivery and ICTs and country-level governance. While first-order effects of ICTs on sustainability have been studied extensively in the literature (Berthon & Donnellan, 2011) , Raghupathi & Wu (2011a , 2011b ) studied the second-order of ICTs on country-level public health delivery and country-level governance. In particular, they explored the association or relationship between ICTs and public health delivery and ICTs and governance in the aggregate.
Take Raghupathi & Wu (2011a) work for example. They empirically investigated the relationship between ICTs and the delivery of country-level public health. The underlying hypotheses suggested that ICTs improve the efficiency and effectiveness of public health delivery mechanisms. They conceptualized ICTs as five factors -accessibility, quality, affordability, applications, and institutional efficiency, and sustainability. The public health delivery was represented by the changes in the indicators of immunization coverage, TB infection, sanitation, undernourishment, life expectancy, mortality rate, and health care expenses.
Results indicated in most cases ICT factors had a significant contribution to a country's delivery of public health over and above a country's income level. ICT accessibility factor contributed to improved delivery for nearly all of the public health indicators followed by ICT applications factor. The findings were useful at the country level for informing policy decisions regarding the nature and extent of investment in ICT infrastructure for the delivery of public health.
In the second study (Raghupathi & Wu, 2011b) , they investigated the relationship between ICTs and country-level governance. Again the five factors of ICTs were modeled as independent variables and their impacts on governance indicators were assessed. Using secondary data from the World Bank, and controlling for the wealth effect, the main multivariate result indicated that ICTs -with the exception of the institutional efficiency and sustainability factor -had a positive relationship with governance indicators. They also found that accessibility was the most important ICTs' factor to enhance governance.
The three-order effects of ICTs are also the often-cited characterizations of the linkages between ICTs and sustainability (EITO, 2002; Hilty, 2008; Hilty et al, 2006; Kohler & Erdmann, 2004; Yi & Thomas, 2007) . The macro models used for assessing the sustainability impacts of ICTs often differentiate between the orders of effects (Hilty, 2008; OECD, 2010) . The first-order effects look at the impacts related directly to the life cycle of ICT hardware, including the production, use, recycling and disposal of ICTs (Ropke & Christensen, 2012) . For example: how can hardware and software production and network architectures become greener (Servaes, 2012) ? Apparently, the focus is on ICT sustainability itself, that is, green computing (Dao et al, 2011 ).
The second-order (indirect) effects are the impacts and opportunities created by the ongoing use and application of ICTs. These effects, also called enabling effects, ask such questions as: how can ICTs reduce energy consumption in other sectors -video conferencing in lieu of traveling, home work place, intelligent traffic systems, smart buildings, and others (Servaes, 2012) ? They address the impacts due to the application of ICTs that have the power to change the processes of production, transportation, consumption, etc. For instance, this category includes the energy savings achieved by ICT-enabled optimization of production processes or by replacing a physical product with a service (Ropke & Christensen, 2012) .
The third-order effects are the impacts and opportunities created by the aggregated effects of large numbers of people using ICTs over the medium to long-term. Also called systematic effects, they look at green ICTs as a model for knowledge accumulation and innovation (Servaes, 2012) . How can ICTs change the way we live and work resulting in a reorganization of production and consumption? For example, the third-order effects address the environmental impacts related to the medium or long-term adaptations of behavior and economic structures that follow from the availability of ICTs and the services they provide. Additionally, the rebound effects that emerge from efficiency gains can be included in these effects (Ropke & Christensen, 2012) .
Most of the benefits of ICTs lie in the second-order effects via increased efficiency, transparency, and speed of transactions, rapid market-clearing, long-tail effects, and others (Yi & Thomas, 2007) . For example, the average transatlantic business flights use 80,000 to 100,000 pounds of fossil fuel (Cohen, 2000) , which could be easily avoided by the use of teleconferencing. The results from various studies differ -for instance, depending on the extent to which rebound effects are taken into account. Several recent studies addressing the secondorder effects have reported positive results in the environmental sector (Erdmann & Hilty, 2010;  The Climate Group, 2008) . The current emphasis on the positive potential of ICTs is also reflected in the recent special issue of Journal of Industrial Ecology where the focus is on the "Benefits Side of the Equation" (Masanet & Matthews, 2010) .
Based on all these works and the prior frameworks established in Raghupathi & Wu (2011a; 2011b) linking ICTs to second-order effects on health care delivery and governance, this framework is extended to characterize the association between ICTs and the second-order effects on country sustainability and presented in Figure 1 .
Environment. ICTs can have a positive impact on the environment for example, improving air quality, among other factors (Casal et al., 2005; Elliot, 2011; Melville, 2010) . The ICTs are linked to the environment in the millennium development goal as well. They provide researchers with critical tools for the observation, simulation, and analysis of environmental processes such as in monitoring air quality and mitigating poor air quality (Climate Group, 2008; Millet & Estrin, 2012) . ICTs play a key role in environmental management in activities ranging from optimizing clean production methods to decision making. The information gathered, processed and disseminated by ICTs can help ensure that natural resources are used efficiently and sustainably.
Additional research reports from Cisco (2008) , McKinsey (Boccaletti et al. 2008) , the Economic Intelligence Unit (EIU, 2008), The Climate Group (2008) and the European Union (Barroso, 2008) discuss the promise of ICTs to enable environmental sustainability. For example, greenhouse gas emissions (GHG) have been identified as a major driver of changes to the climate and human activity has been identified as the probable cause of rising GHG emissions particularly carbon dioxide (CO2) emissions. ICTs have the potential to make a positive contribution to reducing the levels of GHG. Broadband (Broadband Commission, 2012; Budde et al, 2011) , one type of ICTs can help various sectors of a country to reduce GHGs through dematerialization of physical products and applications, for example substituting travel with collaborative tools of substituting need to produce physical products by delivering eproducts and services ). The power of broadband also forms the basis for the collection, sharing and analysis of vital data on the environment gathered via satellite, for example, or by direct sensor technology. The information can be used to predict natural disasters such as floods or famines and take mitigating steps (Broadband Commission, 2012; Budde et al, 2011) . Therefore, ICTs have the potential to mitigate GHG emissions and improve air quality.
Based on the premise that ICTs lead to improved environment, the following hypothesis is ICTs have a central role in these efforts (Millet & Estrin, 2012) . By incorporating intelligence in the systems, one can reduce congestion and fuel use and even cut CO 2 emissions. Both air and rail infrastructures can be made more efficient and effective. As such, ICTs can lead to improved air and railway infrastructure in the aggregate. Therefore, to test the association between ICTs and transportation, the following hypotheses is formulated: ICTs can foster sustainable development by enabling better resource and energy use and by dematerializing transactions (GeSI, 2008a; EIU, 2008; Harter et al., 2010; Jitsuzumi et al., 2001 ). For example, mobile technologies enable m-banking, eliminating the need for physical branches. Other smart ICT applications have the potential to contribute to higher energy efficiency by making offices, homes and transportation system more 'intelligent' with, say, smart thermostats. Moreover, the ICT based services and working methods, such as teleworking and videoconferences, can result in lowering carbon emissions from business activities. Smart grid projects are already helping consumers save 10% on their bills and reducing peak demand by 15%. Imagine the potential savings when scaled to include companies, government agencies and universities. The investment by the federal government could yield almost a quarter of a million jobs first in digitizing the grid and in related industries such as alternative energy and automotive. Such an investment could enable new forms of industrial innovation by creating exportable skills, resources and technology (Millet & Estrin, 2012 (Avgerou, 2010; Djiofack-Zebaze & Keck, 2009; Flor, 2001; Gigler, 2011; Heeks, 2008 Heeks, , 2010 Mascarenhas, 2010) . ICTs can improve the infrastructure capacity and efficiency of the private sector; increase production efficiency; and promote greater competition in the marketplace for delivery of goods and services. For example, the poor can have better access to the market with micro-level and economic networks, for example, via the use of village pay phones and knowledge centers that improve agricultural practices through access to information on crop selection, irrigation, fertilizers, and fishing and livestock conditions, thereby raising yields and reducing poverty and hunger (Von Braun & Toreno, 2006) . Therefore, overall, ICTs can play a critical role in economic development, in the agriculture, manufacturing, and service sectors. Accordingly, we formulate the following hypothesis: Furthermore, ICTs can enhance the learning process by enabling increased access to knowledge and more collaborative and interactive learning methods. Additionally, scientific research and educational networks can be established. Both mobile technologies and the Internet have the potential to play a critical role in the delivery of school education (Mascarenhas, 2010) . Overall, with ICTs, enrollment has the potential to increase with improved education quality. Therefore, we formulate the following hypothesis with respect to education: Given that the purpose of this study is to look at the association among ICTs and sustainability development indicators, ICTs are the key factors. But one could argue a country's income level is a common element with the potential to influence both ICTs and sustainability.
That is, countries with a high-income level typically have more resources and therefore can invest more in sustainability initiatives. Thus, wealth effect must be considered in the research model. Accordingly, we include a country's income level in our research framework and control for the wealth effect in the assessment of the relationship between ICTs and sustainability. The findings then will be more convincing in terms of the importance of ICTs.
Methodology

ICTs factors and measurement
Several attempts have been made in the past few years to measure the relative levels of ICT development in individual countries. These efforts have highlighted the significance of ICTs as key factors contributing to a country's economic and social transformation, and as a cohesive force for integrating a country into the global economy (Cieslikowski, et al, 2009; Minges & Qiang, 2006; World Bank, 2010) .
The World Bank ICT Index provides a holistic view of ICTs by incorporating 21 ICT sector specific variables reflecting five factors of ICTs: access, quality, affordability, application usage as well as efficiency and sustainability. Instead of using a single ICT index, we consider the five factors of ICTs so as to provide concrete and further understanding of the relationships between ICTs and country sustainability. We follow the work of Raghupathi & Wu (2011a , 2011b , whose measurement of ICTs is primarily based on World Bank ICT framework. Under this framework, the composition of each factor has been defined. As such, each ICT factor is viewed as formative construct where the indicators influence the construct. These indicators are often called 'causal' indicators and the construct is often termed as a combination variable (Maccallum et al. 1993) or composite variable (MacKenzie et al. 2005) . Table 1 summarizes the scope of each factor and lists the component variables for each factor used in this study.
All the ICT variables were screened for non-normality, and those with high skewness and/or kurtosis underwent log transformation. The variables used in the later analysis do not have significant non-normality problems. One Affordability item and one ICT Applications item were deleted from further analysis due to a high proportion of missing values.
As formative constructs, we created a factor score for each ICT factor that averages its measurement items: the average of Access variables was denoted as AVGAC; the average of 
Sustainability development indicators
Indicators are not ends in themselves. They are purpose-driven tools to guide, support and monitor decision-making (Carraro et al., 2009; CGSDI, 2001; Grunfeld, 2007; Hueting & Reijinders, 2004; IISD, 2000) . Sustainability is a very broad term. Based on the literature (Adelle et al, 2009; Hughes & Johnston, 2005) we characterize sustainability in terms of the five constructs discussed above (environment, transportation infrastructure, energy consumption efficiency, economic development, and education). Each construct is then represented by one or more factors. Each factor is further derived by one or more measurement items which are extracted from the World Bank's World Development Indicators -WDI database (http://data.worldbank.org/data-catalog/world-development-indicators/). This is justified by the fact that indicators that address social, economic, environmental and institutional dimensions, although not designed for the special requirements of the knowledge society, are appropriate starting points for sustainability (Pinter et al., 2005; Spangenberg et al., 2002; U.N., 2007; UNDSD, 2001a UNDSD, , 2001b UNDSD, , 2008 .
For example, environment, though a complex construct covering air, water, natural forest, etc, is mainly represented by air quality because the high missing values in other aspects restrain us from developing a more comprehensive construct. Air quality in turn is characterized by carbon dioxide emission, a world development indicator. Transportation infrastructure sustainability was gauged by the capacity of freight and passengers in air and rail transportation.
Energy sustainability was assessed by energy consumption efficiency. Economic development sustainability was reflected in the percentage of added value of agriculture, manufacture, and service sectors in the GDP. Education sustainability was indicated by coverage of education and quality of education. The detailed information on the sustainability constructs, factors, and measurement items is summarized in Table 2 .
Several of the sustainability development indicator variables suffered from non-normality.
They were corrected by log transformation to comply with the basic assumption for ordinary least square in order to obtain best linear unbiased estimates.
Data source and research model
In order to estimate the degree of association between ICTs sustainability development indicators, we extracted data from two World Bank databases. The data for the individual ICT variables were pulled from The World Bank ICT At-a-Glance country database In the phase of research design, we consider that the effect of investment in ICT may take time to generate effect. Put alternatively, a time lag is needed to allow us to see the long-term association between ICTs and sustainability. Yet, there was no suggestion on how long the lag needs to be in the existing literature. In the data collection phase, we also want to use the most Table 3 reports the descriptive statistics for all the ICTs' and sustainability factors. None of them indicate severe kurtosis and skewness after transformation. Table 4 reports the correlation matrix among the key variables. Most of the independent variables are correlated at p<0.05. Therefore, we used graphical methods in SPSS to detect potential heteroscedasticity by plotting the residuals versus fitted (predicted) values. The plots indicated that heteroscedasticity was not a threatening issue in this study and should not cause much problem to ordinary least square (OLS) estimates of the variance (and, thus, standard errors) of the coefficients. Still, we (Table 5) were calculated based upon the heteroscedasticityconsistent standard errors. Table 5 summarizes the multivariate regression analysis results. Before we run the multiple linear regression for each dependent variable, we ran a simple linear regression with only the control variable in the model, and we found that it explained a big proportion of the variances already in most of the cases (Table 5) . For example, a country's income level explains 67% of the variance of air quality, 24% of the variance of air transportation infrastructure, 27% of the variance of the energy consumption efficiency; 31% of the variance of service output out of GDP; and 46% of the variance of education quality. Then we conducted the multiple linear regression analysis with the control variable and independent variables (five ICT factors). We reported the change of R 2 with the addition of ICT factors to reflect their own contributions. In all the cases, we found that the model explanatory power has been improved significantly at p<0.05 (mostly at p<0.01) except for education quality.
Results and Discussion
The multiple linear regression model to test H 1 has demonstrated a great explanatory power (adjusted R 2 = 0.74), indicating that major factors have been included in the model.
Country income level has a strong positive association with carbon dioxide emission. That is, high-income countries have higher levels of carbon dioxide emission or lower air quality than low-income countries.
Higher emissions in the developed countries could be a result of large industrial infrastructure, thriving of e-business, and change of business models. For instance, many retailing giants strengthen online business on the top of traditional brick-and-mortar model. The business-to-customer model requires frequent fulfillment of individual orders, which makes it less environmental friendly. Similarly, manufacturing companies adopt Just-in-Time (JIT) production system so as to minimize the inventory investment, but unfortunately JIT requires more frequent delivery of goods, which increases the carbon footprint.
ICT factors too contribute to higher emission; however, their impact is less significant We note, only the factor of ICT quality is associated with a reduction in emission and improved air quality. For example, broadband underlies the gathering, dissemination and analysis of key environmental data gathered via satellite or by sensor technology. This information can be used to predict natural disasters such as floods or famines. Natural disasters typically pollute the environment (e.g., earthquake in Fukushima leading to tsunami and nuclear disaster). Also, improved supply chain management with quality ICT infrastructure could collect point-of-sale data and optimize replenishment for different locations through order consolidation.
As a result, fewer trucks are needed on the roads and emission is lowered. Additionally, video conferencing means less travel for employees. Electronic media reduces the manufacture of physical products. All these indicate less pollution to the air.
Considered in aggregate, it is conceivable ICTs themselves have a rebound effect or reverse effect -that is, their production and usage could possibly lead to emission and lower air quality. This is the reason ICT application is found to enhance emission. An example is the likelihood that the reduction in vehicle usage resulting from telecommuting will be accompanied by increased use of vehicles for leisure activities and the growth of long distance travel. Another example is the increase in the increased manufacture and use of computers and other electronic devices as paper flows are replaced by e-flows; while there is a reduction in paper usage (and decrease in tree cutting) there is increased potential for e-toxic waste to be generated. Rebound From smart cards to pay for fares, to advanced analytics applications for scheduling, ICTs have potential to improve operational efficiency and reduce greenhouse gases.
With regards to Hypothesis 3, a regression analyses was performed to examine association between ICTs and energy consumption efficiency. It evaluated the potential association between ICTs' reductions in a country's electricity transmission loss (this is a reverse measure of consumption efficiency). We found that while country income level influences electricity transmission loss, the accessibility of ICTs also did. That is, the accessibility was significant in the reduced electricity transmission loss (b = -0.39, p<0.01 ). This in turn improved consumption efficiency. As such, H 3 is well supported.
Three additional regression models were developed to test Hypothesis 4. This hypothesis addressed the relationship between ICTs and economic development. First, the results showed that agriculture value added is effectively determined by a country's income level type: highincome country had low value added. Indeed, the ICT applications factor is associated with a further reduction in the agriculture value added (b = -0.31, p<0.01). Anecdotally, the use of smart sensors and analytics in agriculture has potential to improve agricultural practices in the long-term. As for the manufacturing sector, affordable ICTs and increased usage of ICT applications are associated with an increased manufacturing industry value added on the top of the wealth effect (b = 0.43 and -0.22 respectively, p<0.01). For the service sector, while highincome countries appear to be associated with high value added, greater ICT access and increased usage of ICT applications are associated with improved service value added (b = 0.50 and 0.24 respectively, p<0.01). Interestingly, the more expensive the ICT applications, the higher value added percentage. This can be explained by the fact that the more expensive the technology, the higher the payoff. For example, sophisticated real-time applications and large, enterprise applications are costly, but implemented properly they can result in greater payoffs.
Overall, ICTs are associated with an increase in a country's value added in all sectors (particularly, the manufacturing and service sectors) with or without the wealth effect. Therefore, H 4 is largely supported.
It is well established as cited in several articles above that ICTs have a positive effect on various aspects of development. This study confirms some of these findings. It is conceivable, in developed countries, the role of technology in agriculture has reached its full potential and therefore, there is not much value added. However, there is great opportunity for technology usage, such as electronic monitoring of crops, metering water usage, prediction and forecasting tools and analytics in agriculture in developing countries to optimize the production, storage and distribution systems (World Bank, 2010) . With regards to manufacturing and service, overall, ICTs' access, affordability and applications are playing a critical role. Taking a holistic view this implies ICTs from mobile phones & computing to broadband and the Internet, have become pervasive across manufacturing and service industries as vast amounts of data are collected, analyzed, and disseminated for decision making and insight. ICTs enable the key aspect of communication and facilitate the development of markets and financial institutions (Mascarenhas, 2010; Murray, 2008) . They lead to the "efficient, scalable, affordable and pervasive delivery of goods, services, and information flows between people, government and firms".
The assessment of Hypothesis 5 required the conduct of two analyses -examination of the association between ICTs and education coverage, and that of ICTs and education quality.
On the one hand, we see the wealth effect playing a strong role in education coverage and education quality. Essentially, in high-income countries a larger proportion of students attend school and each student receives more attention from the teacher. On the other hand, increased school enrollment is associated with ICT applications (b = 0.24, p<0.01). Also, improved education quality is associated with ICT affordability (b = 0.15, p<0.01). H5 is well supported.
From academic records to information on student mobility and attendance, data mining is helping schools monitor student performance more effectively. Additionally, the use of various ICTs in the delivery of curriculum and e-learning and distance learning are having a major impact on the coverage and quality.
Conclusions
This study empirically confirms the positive association between ICT factors and various sustainability development indicators beyond the wealth effect. Our cross-country regressions document that sustainability is stronger in countries associated with better ICT infrastructure.
Interestingly, the wealth effect is negative in some areas. For example, rich countries have higher carbon dioxide emissions and higher energy consumption from non-renewable sources. All the results have policy implications and provide clear strategic guidance for countries to be more sustainable via ICTs. The results are especially encouraging to developing countries with resource constraints. Our study indicates which ICT factors and sustainability development indicators to focus on and where the promise of improvement has the most potential.
Strategically, the improvement of ICT infrastructure needs to become a priority. All ICT factors have an influence on some aspect of sustainability. Therefore, resource allocation to overall ICT infrastructure development is the key to enabling a country's sustainability. Additionally, the study also shows which ICT factors play a key role in each sustainability indicator. For example,
ICT application was associated with education coverage while affordability was associated with education quality. Countries can therefore juggle their resources depending on their sustainability priority.
Scope and Limitations
It is important to recognize the limitations of this exploratory study from the perspective of the nature of the study, measurement of constructs, model specification, data availability and the nature of the available data. First, the study assesses the relationship of ICTs and sustainability indicators across countries. It is a cross-sectional study, though lagged data were used in the analysis. Given the nature of this study, it does not indicate a direct causal relationship between ICTs and sustainability. We only take a snapshot and conclude there is a strong association between ICTs and improved sustainability. Yet, sustainability might also influence the decision of ICTs investment. The more complicated relationship can be studied with longitudinal data.
Second, in order to test the proposed hypotheses, we have to operationalize the theoretical constructs using observable and objective measures. The measurement for ICT five factors has been defined by World Bank and established the face validity, and we simply adopted that in this study. The measurement for the sustainability variables were selected as a compromise of face validity of constructs in hypothesis and data availability.
Third, the data acquired from the World Bank and the International Telecommunications Union are secondary in nature. WB database is evolving, the variables it tracks also vary at different time periods, and it takes time to collect and compile the country level data. For instance, the number of ICT variables in the current database is far less than that in the older database. 2004 is the last year that WB provided a complete and public dataset in ICT At-aGlance country database, which contains 21 variables for five sector performance for each country. We believe all these variables together paint a much comprehensive picture of a country's ICT sector performance. The five factors of ICTs also enrich the study by allowing us to explore which ICT dimension is more associated with a country's different sustainability indicators.
Fourth, the data is only as good as how it is reported by the countries. However, in the past several years, several researchers have used such country-level data in e-government studies (see for example, Krishnan et al. (2013) and Srivastava and Teo (2007) ). We build on these and other articles to validate our study in the use of such data sets.
Fifth, a robustness test was not explicitly conducted; however, the findings of the study Lastly, the current research model contains only one control variable. Though it is a critical one, as can been seen from the results in Table 5 (the control variable captures a good proportion of the variation in all sustainability indicators), variables such as country characteristics and non-technological strategies to promote sustainability may add additional information into the study and should be considered in the future studies. Additional variables relating to technology transfer, innovation, R&D, export/import regulation, tax laws, intellectual property and others may impact the study.
Contributions
Despite some of the limitations discussed above, this study makes a number of important contributions to the literature and provides strategic direction to country-level policy makers in governmental and non-governmental organizations and in the private sector regarding the role of ICTs in enabling and promoting sustainability. First, it is only recently that case studies and anecdotal narratives have emerged regarding the use of ICTs in sustainability initiatives. There is a need for understanding the impact at the national as well as global level. By studying the association between ICT factors and country-level sustainability development indicators, our study contributes to the sparse but emerging literature at the country level. The findings can help global policy makers strategize on sustainability resource allocation and invest to maximize the global sustainability benefits. Second, nearly all of the related studies have focused on 'green ICT,' which addresses how ICTs can become self-sustaining (e.g., green data center etc.) (Berthon & Donnellan, 2011 
Future Research
Future research may focus on cross-country and regional as well as longitudinal studies.
Best practices also need to be documented. What works in one region may not in another. The three items were standardized and averaged to form an index.
Rail infrastructure
Rail lines (total route -km) The three items were standardized and averaged to form an index. The mean value of the enrollment in four different categories School enrollment, primary (% of gross) School enrollment, secondary (% of gross) School enrollment, tertiary (% of gross) Education quality Pupil-teacher ratio, primary Pupil-teacher ratio, secondary
The mean value of pupil-teacher ratio in two categories. Note: AIRQU -air quality; AIRTR -air transportation infrastructure; RAILTR -rail transportation infrastructure; EDUQ -education quality; EDUC -education coverage; AGR -agriculture sector value added; MFG -manufacturing sector value added; SERV-service sector value added; ENGEF -energy consumption efficiency. Note: (1) The green area reports the correlations among the independent variables (ICT factors); the pink area reports the correlations among the dependent variables (sustainability dimensions); and the blue area summarizes the correlation between independent and dependent variables.
(2) *: Correlation is significant at the 0.05 level (2-tailed); **: Correlation is significant at the 0.01 level (2-tailed). 
